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1.0 SUMMARY

Organically-capped metal nanoparticles are an attractive alternative to more conventional
oxide-passivated materials, due to the lower reaction temperatures and the possibility of tuning
the organic coating. Sonochemical methods have been used to produce air-stable aluminum
nanoparticles capped with oleic acid. In order to understand the nature of the metal-organic
bonding in this system, we have used FTIR, XPS, and TOFMS-TPD techniques to study the
organic passivation layer and its desorption at elevated temperatures. In the present case we find
that the organic layer appears to be attached via Al-O-C bonds with the C atom formerly
involved in the carboxylic acid functional group.

2.0 INTRODUCTION

Aluminum particles and their oxidation mechanisms have become a focus of ongoing
interest due to the high heat of reaction associated with formation of aluminum oxide, namely 31
kJ/g aluminum burned®. Of course, in order to efficiently harness the stored chemical energy of
aluminum particles, it is desirable for the particles to oxidize completely. Nanoparticles are
advantageous in this regard, since they tend to oxidize more fully and more quickly than micron-
scale and larger particles. In addition to the size of the particle, the passivation method also
plays a key role in determining the reactivity.

Typically, aluminum particles are passivated by a naturally occurring oxide shell several
nanometers thick that spontaneously forms upon exposure to air. This oxide shell is quite
effective at protecting the particle from further reaction, and elevated temperatures of 500-600 °C
are required to trigger oxidation of the remaining aluminum metal**. However, many potential
energetic applications for aluminum nanoparticles would benefit from a lower reaction onset
temperature, particularly if the onset temperature is tunable. An additional difficulty posed by
the conventional oxide shell as that the fraction of the particle consumed by the oxide becomes
large for nanoparticles. Because the oxide shell itself is unreactive towards further oxidation, the
energy content for these smaller particles is decreased.

As a result of these factors, it is desirable to develop alternative methods of passivation
such a capping the aluminum particle with an organic layer>”. Organically-capped aluminum
nanoparticles have been produced via sonochemical methods that are air-stable at ambient
temperatures, but at elevated temperatures (~150-400 °C) reaction begins with thermal loss and
combustion of the organic shell’. Following removal of the organic layer, the exposed aluminum
core can then be oxidized. A particularly attractive possibility would be to tune the reaction
onset temperature of the nanoparticles by varying the choice of capping agent.

Clearly it is important to understand the nature of the bonding between the organic
protecting layer and the metallic core in such particles in order to control and predict the
reactivity. In the current study, we have synthesized small (< 10 nm average size) aluminum
nanoparticles capped with oleic acid, and used Fourier Transform Infrared (FTIR), X-Ray
Photoelectron Spectroscopy (XPS) and Temperature Programmed Desorption (TPD) to
characterize the interaction between the metallic and organic components of the particles.
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3.0 METHODS, ASSUMPTIONS, AND PROCEDURES
3.1 Materials

Alane N,N-dimethylethylamine in a 0.4 M toluene solution, titanium (IV) isopropoxide
(98%), oleic acid (99%), dodecane (99% and anhydrous), and oleyl alcohol (99%) were all
obtained from Aldrich and used as received. Hexane (Optima grade) was obtained from Fisher
Scientific. Nanometer-scale aluminum oxide was obtained from Nanocomposites, Inc.

3.2 Synthesis of Aluminum Nanoparticles

The procedures used to synthesize oleic acid-capped aluminum nanoparticles have been
described in detail elsewhere’. Briefly, aluminum nanoparticles were synthesized using an initial
solution of 11.4 mM oleic acid dissolved in dodecane. The solution was subjected to several
freeze-pump-thaw cycles in order to reduce the dissolved oxygen concentration and then placed
inside a dry nitrogen glovebox, where alane N,N-dimethylethylamine and a titanium (IV)
isopropoxide catalyst were added to the solution. The concentrations of the alane complex and
titanium catalyst in this solution were 50 and 0.55 mM, respectively. This solution was then
transferred into a sonication flask (Sonics Inc., Suslick flask) and sonicated. The sonication
instrument (Sonics Inc. Vibra Cell) was operated at 20 kHz, and sonicated the solution at 37%
power (~22W) for 7.5 min active time, using a 1-s-on, 1-s-off duty cycle. During sonication, the
bulk solution temperature reached approximately 70 °C. These conditions produced a black
solution that gradually precipitated a grayish-black powder. The powder was recovered by
evaporation of the solvent under vacuum, followed by repeated washings with hexane. The
aluminum nanoparticles produced by this process were spherical, with an average size of ~5 nm
and a size distribution of 2-15 nm.

Organically coated aluminum oxide particles were synthesized via a refluxing procedure.
A 10.5 mg sample of the nano-aluminum oxide was heated to ~120 °C for several mintues to
drive off any adsorbed water. These particles were placed in a flask and 8 mL of dodecane and
18 uL of oleic acid were added. The mixture was then refluxed at 130 °C for 24 hours. A white
powder was recovered by evaporation of the solvent under vacuum, followed by repeated
washings with hexane.

3.3 Characterization of Aluminum Nanoparticles

Infrared absorption spectra of the nanoparticles were collected using a Perkin-Elmer
L100 FTIR equipped with an attenuated total reflectance (ATR) sample attachment. X-ray
photoelectron spectroscopy (XPS) was performed on a Surface Science Instruments M-Probe
using monochromatic Al K, x-rays (energy 1486.6 eV). Samples were prepared by casting a
drop of particles suspended in hexanes onto a 10 mm x 10 mm silicon wafer coated with a native
oxide and allowing the solvent to evaporate, leaving behind a thin film. Time-of-flight mass
spectrometry / temperature programmed desorption (TOFMS-TPD) measurements were
performed using a linear time-of-flight mass spectrometer (Jordan TOF Products, Inc.) equipped
with a temperature-controlled sample stage with line-of-sight into the ionization region. The
temperature ramp rate was 10 °C /min. lonization of the vapor effusing from the heated
nanoparticle sample was provided by an electron impact source at 70 eV incident energy.
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4.0 RESULTS AND DISCUSSION

Our characterization of the metal-organic bonding in oleic acid-capped nanoparticles
begins with FTIR spectroscopy. In Figure 1 we show the IR spectra of neat oleic acid, oleic
acid-capped aluminum oxide nanoparticles, and oleic acid capped aluminum nanoparticles. In
the spectrum of oleic acid (Fig. 1a), the most prominent features are the C-H stretching peaks
between 2800-3000 cm™ and the carbonyl stretch at ~1700 cm™. A broad OH feature is also
visible under the C-H stretching signals. Additionally, there are several signals in the
“fingerprint region” below 1400 cm™ corresponding to various low frequency modes of the
molecule.

In the spectrum of the oleic acid-capped aluminum oxide nanoparticles (Fig. 1b), we see
that the C-H stretches are largely unaffected, but that the carbonyl stretching peak is no longer
observed and two prominent peaks at ~1465 and ~1585 cm™ have appeared. These peaks are
characteristic of symmetric and asymmetric carboxylate (COO) stretches, indicating that oleic
acid is chemisorbed to the surface via its oxygen atoms. It has been shown from a survey of
carboxylic acids bonded to metal surfaces that the frequency difference between the symmetric
and asymmetric modes can be used to assign the bonding geometry®*°. The observed splitting of
~120 cm™ most likely indicates a bridging, or possibly bidentate, bonding geometry in the case
of Al,Os-oleic acid. We also note that a strong O-H feature is observed from 3000-3600 cm™,
probably resulting from hydrogen (liberated during formation of the carboxylate species) binding
to the aluminum oxide in order to form surface OH groups. The large absorption below 1000
cm™ corresponds an aluminum oxide bulk absorption™™*.

The FTIR absorption spectrum of the aluminum-oleic acid nanoparticles is shown in
Figure 1c. We again find that the C-H stretches are unchanged from those found in the spectrum
of oleic acid, and that the carbonyl peak has disappeared. Additionally, we observe a broad OH
band visible from ~3000-3700 cm™. In this spectrum, however, we do not observe the strong
symmetric and asymmetric carboxylate stretching bands seen in the Al,O3-oleic acid case above.
There are some weaker bands between 1300-1600 cm™, and it is tempting to assign them to a
carboxylate as well, but we must be cautious in our interpretation here, since other IR active
modes such as C-H and O-H bending modes can be found in this region of the spectrum.

At first glance, these data would seem to be consistent with earlier surface science
investigations into the bonding of carboxylic acids to aluminum and aluminum oxide surfaces.
These have shown that carboxylic acids react with aluminum oxide to form carboxylates on the
surface®°. These carboxylates are quite stable, and can be heated to temperatures of ~500 °C
before they begin to desorb™. For carboxylic acids binding to aluminum metal, the situation is
more complex; the nature of the bonding observed changes with temperature. At low
temperature (120 K), carboxylic acids deprotonate and bind to the surface via the two oxygen
atoms in the acid group, again forming a carboxylate®°. However, due to the high reactivity of
aluminum, as the surface is warmed to room temperature the carboxylates begin to
decompose®!**17. X-ray photoelectron spectroscopy (XPS) measurements have shown that
during decomposition of the carboxylate, the two oxygen atoms are stripped away to form oxide
islands™, and a structure is formed in which the remaining alkyl chain binds directly to the
surface through an Al-C bond formed from the carbon atom associated with the decomposed
functional group***®. At room temperature, both intact carboxylates and the decomposed
structures involving Al-C bonds can be observed but at elevated temperatures, only the latter
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rema1i4n14. At yet higher temperatures (T > 200 °C), the alkyl chain begins to decompose as
well™.

These processes are consistent with the chief features of the IR spectra, namely that the
oleic acid-capped Al,O3; nanoparticles would exhibit C-H stretching signals from the alkyl chain
as well as intense carboxylate bands corresponding to the reacted functional group. On the other
hand, oleic acid-capped Al nanoparticles would show only the C-H stretches, owing to the
decomposition of the carboxylate that then results in attachment of the alkyl chain via an Al-C
bond. In this is the case, the XPS spectrum of these nanoparticles should feature a prominent Al-
C peak, as was the case in the earlier surface science studies.

In Figure 2, we show XPS spectra of the Al-oleic acid nanoparticles in the O1s, C1s, and
Al2p regions. In the O1s region (Fig. 2a), we find a strong signal between 530-534 eV, where
AlO, and Al-O-C signals have been observed previously***®. In the C1s vicinity (Fig. 2b) we
find a peak centered at ~285.5 eV, assigned to aliphatic carbon, and a small shoulder at ~289.5
eV, which may be due to intact carboxylates'. In the Al2p spectrum in Figure 2c, we find a
signal at ~75 eV from Al,O, and another at ~72.5 eV corresponding to Al metal*®. But we find
no Al-C signals in these spectra, which we would expect to appear between 282-283 eV in the
C1s region***.  This fact would seem to refute the idea that carboxylates have decomposed as
described above, and suggests that some other type of binding is present in our system.

An important clue is providing by temperature-programmed desorption (TPD) data. The
oleic acid-capped aluminum nanoparticles were heated at a rate of 10 °C /min from room
temperature up to 600 °C and a mass spectrum was recorded at various temperatures using time-
of-flight mass spectrometry (TOF-MS). The integrated signal in the mass spectrum as a function
of temperature is shown in Figure 3 and indicates that the organic coating begins to desorb at
~300 °C. The small signals recorded at lower temperatures are simply due to residual solvents
evaporating from the nanoparticle sample. Above 300 °C, the signals rapidly increase as the
spectrum shown in Figure 4a grows in. Comparison of this spectrum with the standard mass
spectrum databases™® reveals the spectrum to be that of oleyl alcohol. The molecular ion is just
visible at 268 amu, an H,O elimination peak appears at 250 amu, and a series of additional
fragments appear at lower masses. To confirm the assignment, a mass spectrum of oleyl alcohol
was also recorded and is shown in Figure 4b. The two spectra are virtually identical with the
exception of two peaks at 91 and 92 amu, respectively, in the spectrum of the oleyl alcohol
sample. These are assigned to an impurity, since they do not appear in the literature spectrum of
oleyl alcohol*® and the integrated intensity of these peaks relative to the remainder of the
spectrum is consistent with the manufacturer-stated purity of the sample.

These results give us new insight into the nature of the metal-organic binding,
particularly when combined with the results from the FTIR and XPS experiments. We know
from the IR spectrum of the oleic-acid capped aluminum nanoparticles that C-H and O-H groups
are present, but that carbonyl signals are absent. We also observe little, if any, carboxylate
signal. The XPS results confirm the presence of aliphatic carbon, and indicate the presence of
Al-O and/or Al-O-C bonds, but show no Al-C bonds. Finally, TOFMS-TPD has shown that
when the nanoparticles are heated, the organic coating desorbs as oleyl alcohol. These
observations suggest a structure similar to that shown in Figure 5, which would seem to satisfy
all of the above constraints. Indeed, infrared spectroscopy measurements on alkoxy-coated
metal'®? and metal oxide??? surfaces have shown that the most prominent features in the
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spectrum are C-H stretching peaks at ~2800-3200 cm™ and an O-C stretching band in the
vicinity of 800-1000 cm™. The proposed structure would exhibit these signals as well as an O-H
stretch, in agreement with our experimental spectrum.

Although TPD measurements on metal surfaces coated with this structure are not
available, experiments with methoxy-coated aluminum surfaces®® have shown that upon heating
the O-C bonds break, leaving O atoms bonded to the aluminum metal and desorbing methane.
Analogously, we might expect the structure in Figure 5 to desorb oleyl alcohol when heated,
again consistent with the experimental results. We note that a hydrogen atom must be abstracted
from another source in order for an approaching oleic acid molecule to form the surface structure
in Figure 5, and again in order to produce oleyl alcohol following O-C bond rupture. The former
is not too difficult to imagine given that the synthesis takes place in solution. The source of the
hydrogen atom in the latter process is currently unclear, but most likely it is obtained from a
neighboring molecule or an adsorbed impurity. Regardless of the mechanism, the same behavior
was observed in the above study®® of methoxy-coated surfaces as well.

The fact that the nature of metal-organic binding observed in the present case is
somewhat different than that observed in previous surface science studies of carboxylic acids
binding to aluminum and aluminum oxide surfaces is likely a consequence of the surface
characteristics. For our nanoparticles, the surface is neither a well-ordered Al,O3 phase, nor a
pristine Al metal surface. Our previous work has shown that the surface is only partially
oxidized, and exhibits reactivity towards further oxidation once the organic coating is removed’.
It is perhaps not surprising that the surface characteristics would affect the bonding scheme since
surface science experiments on clean and oxidized copper surfaces have also found that the
nature of the metal-organic interactions can vary significantly with the extant of surface
oxidation®*,

Alternatively, the observed bonding motif may be the result of the high temperatures
(5000 K) and rapid cooling (10'° K/s) processes present in the sonochemical environment?®>,
which have been shown to result in formation of non-equilibrium structures such as metallic
glasses®®. This explanation seems less likely, however, since we have previously shown that our
aluminum particles are not formed by the traditional sonochemical processes of microbubble
formation and collapse and as such are expected to experience more modest temperature
gradients’. Nevertheless, the present results have allowed us to characterize the metal-organic
bonding in detail and suggest that the nature of the bonding in our sonochemically-prepared
aluminum nanoparticles is somewhat different than that typically associated with carboxylic
acids interacting with metal and metal oxide surfaces.
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Figure 1
FTIR spectra of (a) neat oleic acid, (b) aluminum oxide nanoparticles coated with oleic acid, and
(c) sonochemically-produced aluminum nanoparticles capped with oleic acid. Intense
carboxylate stretches between ~1465 and ~1585 cm™ are observed in the spectrum of the
aluminum oxide particles, but these signals are absent in the aluminum-oleic acid case.
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Figure 2
XPS spectra of the oleic acid-capped aluminum nanoparticles in the O1s (a), C1s (b), and Al2p
(c) regions. We find a strong signal between 530-534 eV, where Al,Oy and Al-O-C signals have
been reported, but we find no evidence of Al-C bonds, which would expected to exhibit a peak
between 282-283 eV'**°,
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Figure 3
Temperature programmed desorption (TPD) trace showing the intensity of the signals contained
in the time-of-flight mass spectrum as a function of the temperature. The temperature ramp rate
was 10 °C /min. Below 300 °C, signal is generated by residual solvents evaporating from the

sample. As the sample is heated above 300 °C, the solvent signals abate and the spectrum shown
in Figure 4a grows in.
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Figure 4
Mass spectrum of the vapor leaving the oleic acid-capped aluminum nanoparticle sample (a),
collected at 560 °C. The spectrum matches that of oleyl alcohol found in the standard mass
spectrum databases'®. For comparison, the spectrum of an oleyl alcohol sample (99% purity) is
also shown (b). The spectrum are nearly identical except for small impurity signals at 91 and 92
amu, respectively, in the latter.
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Figure 5
Proposed structure to explain the combined FTIR, XPS, and TOFMS-TPD observations. The
group “R” represents the alkyl chain (CH,);CH=CH(CH,);CHs.
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5.0 CONCLUSION

We have used FTIR, XPS, and TOFMS-TPD methods to characterize the metal-
organic bonding between aluminum and an oleic acid capping agent in sonochemically-prepared
aluminum nanoparticles. In contrast to earlier surface science work on carboxylic acids attached
to metal and metal oxide surfaces, in the present case we find that the capping agent is bound
neither as a carboxylate nor via Al-C bonds resulting from decomposed carboxylates. Instead
the organic layer appears to be attached via Al-O-C bonds with the C atom formerly involved in
the carboxylic acid functional group.
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LIST OF ACRONYMS AND ABBREVIATIONS

AFOSR
AFRL
Al
Al,O3
AlLO,
Al2p
Al-C
Al-O
Al-O-C
ATR
amu

C

Cls
C-H

cm
cm’
COO
DTRA
eV
FTIR

Air Force Office of Scientific Research
Air Force Research Laboratory
aluminum

aluminum oxide

alumina

aluminum energy transition
aluminum-carbon bond
aluminum-oxygen bond
aluminum-oxygen-carbon bond/chain
Attenuated Total Reflectance
atomic mass units

carbon

carbon energy transition
carbon-hydrogen bond

centimeter

wavenumber

carboxylate

Defense Threat Reduction Agency
electron volts

Fourier Transform Infrared

gram

hydrogen

water

infrared

Kelvin

Kelvins per second
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kHz
kJ

min
mL
mM

mm

nm

O1s

OH

O-H

S

T
TOF-MS
TOFMS-TPD
TPD
USA

W

XPS

°C
°C/min

pL

kilohertz

kilojoule

describes the type of X-Ray source
molar

milligram

minute

milliliter

millimolar

millimeter

nitrogen

nanometer

oxygen

oxygen energy transition

hydroxyl

oxygen-hydrogen bond

second

temperature

Time-of-Flight Mass Spectrometry
Time of Flight Mass Spectrometry/Temperature Programmed Desorption
Temperature Programmed Desorption
United States of America

watt

X-Ray Photoelectron Spectroscopy
degrees Celsius

degrees Celsius per minute

micro liter
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